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Abstract 
In this study, the quality of the external and internal surfaces of a high density pipe (HDPE-100) is characterized in terms 
of roughness (Ra), shore hardness (HS) and crystallinity (Xc). These parameters are used to assess electrofusion welding 
strength and resistance to aggressive environments. The effects of distilled water (DW) and hydrochloric acid (HCl) are 
considered. Initially, it was found that the pipe outer surface is rougher and harder than the inner surface as this state 
can be related to the extrusion process which creates compressive residual stresses in the outer layers. In contact with 
distilled water, Ra of the outer surface rose 6%, while HS has decreased by 14%, although the roughness of the inner 
surface of the tube showed a slight decrease (<5%). For hydrochloric acid, it was observed that the concentration 
changes with Ra while the hardness remained relatively constant due to a significant decrease of 40% and 32% for the 
outer and inner surfaces respectively. The mechanical properties are also affected to the detriment of the outer layer 
which is confirmed in published studies for other acids. Initial measurements of crystallinity as well confirm a gap 
between outer (51.55%) and internal (61.31%) layers; and after exposure to environments, the crystallinity decreased by 
about one third compared to the initial state. This situation weakens the fracture resistance and subsequently contributes 
to reduce the service lifetime. SEM observations confirmed the degradation of the surface in contact with HCl especially 
for the outer one. This degradation evolves for internal and external surfaces with increasing acid concentration.  
Keywords: pipe, polyethylene roughness, hardness, aggressive environment, cristallinity. 
Résumé 
Dans cette étude, la qualité des surfaces externes et internes d'un tube en HDPE-100 est caractérisée en termes de 
rugosité (Ra), de dureté (HS) et de cristallinité (Xc). Ces paramètres permettent de qualifier le soudage par électrofusion 
et aussi l’étude de la résistance aux environnements agressifs. Les effets de l’eau distillée (DW) et de l’acide 
chlorhydrique (HCl) ont été étudiés. Initialement, il a été constaté que la surface extérieure est plus rugueuse et plus dure 
que la surface intérieure ; ceci est relation avec le procédé d’extrusion qui crée des contraintes résiduelles compressives 
dans les couches externes du tube. Au contact de l'eau distillée, Ra de la surface externe a augmenté de 6%, tandis que HS 
a diminué de 14%, bien que la rugosité de la face interne du tube a révélé une légère baisse (<5%). Pour l'acide 
chlorhydrique, il a été observé que Ra évolue avec la concentration alors que la dureté est restée relativement constante 
suite à une baisse importante de 40% et 32% pour les surfaces extérieure et intérieure respectivement. Les propriétés 
mécaniques sont également affectées au détriment de la couche externe ce qui est confirmé dans des études publiées. Les 
mesures initiales de cristallinité confirment aussi un écart entre les couches externe (51,55%) et interne (61,31%) et 
après exposition aux environnements, la cristallinité a chuté d'environ un tiers par rapport à l’état initial, ce qui affaiblit 
la résistance à la rupture et par la suite contribue à réduire la durée de vie du tube. Les observations au MEB confirment 
la dégradation de l’état de surface au contact de HCl surtout pour le côté externe. Cette dégradation s’échelonne pour 
les surfaces externe et interne avec l’augmentation de la concentration. 
Mots clés: tube, polyéthylène, rugosité, dureté, environnements agressifs, cristallinité. 
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1  Introduction 
Polyethylene (PE) pipes are broadly used by utility companies (Water and Gas) in new pipeline projects and as 
replacements of aging steel and cast iron networks [1]. Many factors continue to be investigated in order to reveal the 
deterioration of underground distribution plastic pipes. Premature stress cracking arising from point loading (i.e. rock 
impingement) or in the region near stress concentrations such as grooves, scratches and notches or exposure to aggressive 
environments may lead to terminate service life [2-6]. Studies which treat surface degradation did not present the initial 
existing differences between outer and inner pipe surfaces and did not evaluate them in terms of roughness, hardness and 
crystallinity. This is an imperative issue as structure heterogeneities and mechanical properties are distributed across pipe 
wall as it was shown in a recent study [7]. In addition, effects of aggressive environments were not simultaneously 
analyzed for inner and outer pipe surfaces and roughness measurements were not systematically carried out for ESC 
experiments. For external surface studies, at least, two new further aspects are considered and they concern PE pipe 
surface physico-chemical preparation for électrofusion welding [8] and surface alteration during pollutant-plastic debris 
interaction while in the marine environment [9]. The objective of this study is to compare as-received surfaces properties 
values between outer and inner surfaces of an extruded HDPE-100 pipe in term of roughness, hardness and cristallinity. 
The effects on both surfaces once exposed to water and hydrochloric acid for a given period are discussed.  
2  Experimental approach 
HDPE-100 polyethylene pipes are kindly supplied by SONELGAZ Co. (Annaba, Algeria) and they are fabricated by 
CHIALI Company (Sidi Bel-Abbes, Algeria). Initially, they were checked to be free from any surface alteration due to 
mishandling or unwanted contacts with other objects during transportation (Fig. 1a). Standard dimension ratio (SDR) and 
outside diameter (OD) are respectively 11 and 113 mm. Some properties of the as-received material are summarized in 
Table 1. ESC test specimens were carefully cut using a lathe and then a small milling machine at very low speeds. Each 
prepared ring is used to produce a maximum of 5 specimens. Each specimen is 50 mm high and has a curved length of 50 
mm as sketched in Figure 1b. Each testing condition should contain not less than 5 valid specimens. During 
measurements, any deviating value should be repeated elsewhere in the same specimen and can be disregarded in case of 
detected surface defect. As-received specimens are conditioned in dry tight plastic containers until measuring date. ESC 
specimens are immersed in respective environments for determined periods with tight covers. The environments 
considered in this study are: (i) distilled water (DW), (ii) hydrochloric acid (HCl) at 3 different concentrations (1%, 10% 
and 20%).  
 
 
 
 
 
FIG. 1 - (a) Typical surface alterations due to mishandling, (b) Geometry of specimens used measure roughness. 
Table 1. Material properties (according to manufacturer’s catalog). 
     Property            Value 
Density  
Melt Flow Index (MFI) 
% black carbon 
Young's Modulus 
Yield Stress 
Strain at failure 
Shore Hardness (HS) 
Toughness (KIC) 
≥ 930kg/m 3 
0.2-1.4 g/10 min 
2-2.5 % 
0.55 - 1 GPa 
20-30 MPa 
350% 
61-67 
2-5 MPa.m½ 
The data presented in this study is relative to an exposure time of 43 months. Prior to each measurement, the sample is 
rinsed with distilled water, allowed to dry freely in open air and identified according to a written protocol. Specimens and 
containers are stored at laboratory temperature in relatively thermally isolated space.  
Roughness is followed on the outer and inner faces of each sample. Three roughness criteria are measured: (i) arithmetic 
average deviation of the profile (Ra), (ii) standard deviation of the profile, (Rq or RMS) and (iii) average height of profile 
or the sum of the highest heights and deepest lows (Rz) as defined by DIN-4768 (1990). These values are automatically 
measured with a Surftest-201 type (SJ-201M) Mitutoyo roughness meter. The following equations are used to calculate 
roughness criteria:  
(a) 
Inner 
surface 
Outer 
surface 
Liquid 
 
(b) 
3 
 
(1c)Y
5
1
Y
5
1
R
(1b)Y
N
1
R
(1a)Y
N
1
R
5
1i
v
5
1i
pZ
1i
2
iq
1i
ia
ii 








N
N
 
with N: Number of events (depth or peak), Yi: deviations from a mean line, Ypi: highest profile peak, Yvi: depth of the 
lowest profile. Roughness measurements were carefully made on each of the dry specimens. Each value is the average of 
6 measurements at different locations and the estimated uncertainty is approximately 0.01 µm.  
Crystallinity was measured using an X'pertPro (PANalytical) X-ray diffractometer. A scan rate of 2°/min at 2000 cycles 
using CuKradiation of wavelength 1.596 Å was applied. A radial scan of Bragg angle versus intensity was obtained 
with an accuracy of ± 0.25° at the location of the peak. The processing of diffraction patterns was performed using 
software based on the ASTM data and crystallinity (Xc) is determined using equation (2): 
                                                                           
    
 
 
    
 
 
     
 
 
                                                                                                            
with: Icr, Iam: scattering intensity of crystalline and amorphous structures respectively.  
3  Results and Discussion 
Figure 2 presents roughness measurements before and after contact with liquid environments. The as-received pipe 
showed higher values at the outer surface, with a difference reaching almost two folds (43.7%). Figure 3 shows hardness 
measurements for initial state and after immersion. Initially HS is nearly a quarter higher (~ 19.3%) than inner surface. 
Again, processing conditions are responsible for these discrepancies caused by a state of compressive internal stresses 
resulting from rapid water cooling of the outer pipe layers [10]. The WAXD analysis carried out on both surfaces showed 
2 peaks at 21.5 and 23.9 which are characteristics of (110) and (220) lattice planes, respectively [11]. The main 
observation in the present work indicated a modest change in peaks’ position throughout the scan range and no significant 
changes of the inter-planar distances (dinner= 0.408nm; douter= 0.415nm). Crystallinity measurements indicated a difference 
of 15.9 % in favor of inner surface layers.  
        
(a)                                                                                                (b) 
FIG. 2 – Roughness of (a) inner surface and (b) outer surface. 
 
FIG. 3 - Shore hardness of inner surface and outer surface. 
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3.1  Effect of distilled water 
Figure 2 illustrates the effect of distilled water on pipe surface roughness. For the inner side, the absolute roughness (Ra) 
decreased by 4.9% while for the outer surface, it increased by 5.8%. The two folds difference that existed before exposure 
to distilled water is roughly maintained after contact (49.5%). Polyethylene material surface is usually hydrophobic and 
therefore resists to water while under wet conditions and in the presence of pollutants, a gradual loss of hydrophobicity 
occurs. The swelling phenomenon of PE has been identified and can be worsened by other parameters such as external 
pressure. Kriston et al. noted that for early immersion in distilled water, the weight of the specimens increased by 0.50% 
in 5 months but gradually declined until stabilizing around 0.19 % in 12 months [2]. This weight loss may be related to 
the migration of antioxidants (degradation) as described by Hoang et al. [3]. They concluded that the rate of antioxidant 
consumption during immersion in water is larger on the inner surface and the loss of antioxidants makes it first 
predisposed to degradation. This loss is suggested in other studies as a reliable indicator for measuring polymer 
degradation [8]. In this study, it was found that, the weight of the specimens decreased of 0.40% of initial weight just after 
four weeks, which strengthens the hypothesis of migration. The outer surface is probably more willing to absorb water; 
this should have a relationship with the nature of the morphology of extruded HDPE [3]. Allen et al. confirmed that the 
oxidation of the pipe occurs predominantly on the outer surface and to a lesser extent, on the bore. Also, water is 
concluded to have an important influence in controlling pipe stability which, in turn, is governed by the temperature and 
extractability of the polymer antioxidants [12]. 
3.2 Hydrochloric acid 
In this study, it was interesting to study the effect of a strong acid such as HCl in order to highlight the behavior of HDPE 
pipe in contact with chloride ions. Indeed, several studies have been conducted to verify the role of chlorine in H2O on the 
degradation of the tubes used for drinkable water. It has been shown that chlorine and its derivatives deteriorate the 
properties of the HDPE especially by combining heat [13].Roughness results measured on the outer and inner surfaces of 
the tube are shown in Figure 2. For the inner surface (Fig. 2a), it was found that the roughness increases in contact of HCl. 
This effect is proportional to the concentration when the latter was varied from 1% to 10% and 20%. This observation is 
similar to the outer surface results but with larger values (Fig. 2b). This can be explained by two factors: First, it is 
observed that surface roughness values at the initial state indicate that Ra (outer surface) is less than Ra (inner surface) ,which means 
that, for [HCl] = 1%, the start is made from two different values who are Ra internal = 0.48 µm and Ra external = 0.89 µm. 
Second, it is known from literature that these two surfaces have different structures in terms of internal stresses and 
crystallinity [13]. Compared to distilled water, it is concluded that HCl effect is more significant and with the probability 
of engendering more damage to pipe integrity. For both surfaces, a second order polynomial function is used to describe 
statistically the obtained data:  
                                                                                             
                                                                              (4)  
                                                                                                                     
                                                     (5) 
Considering Shore hardness (Fig. 3), as expected, the values are smaller than those measured in the case of distilled water 
and regardless of the concentration of HCl. The percentages of reduction of the hardness of HDPE under the effect of 1% 
HCl are 32% and 41% respectively for the inner and outer surfaces. This decrease can be explained by the action of Cl
-
 
ions known to degrade polyethylene and to make it softer. 
3.3  Surface degradation 
Examination under SEM reveals the surface morphologies of the different cases. The unexposed samples (fig.4: Initial 
state), inner and outer surfaces appeared relatively smooth, with different morphologies that result from the extrusion 
processing conditions.  
  
(a)
 
  
(b)
 
Initial State Distilled Water HCl 1% HCl 10% HCl 20% 
FIG. 4 - Scanning electron observations of a) internal and b) external pipe surfaces.  
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Inner surface present a small and mostly asymmetric spherulitic texture as it found in Trifonova et al. study; for the outer 
surface, this texture does not appear, because of the imposed cooling conditions in extrusion process [14]. For samples 
exposed for long periods of time, the inner surface texture looks similar of the fresh samples with a little discoloration, a 
sign of oxidation reactions. Degradation of outer surface was more pronounced, especially for HCl 20 %, which agrees 
with roughness measurements. Yu et al. observed that the surface exposed to chlorinated water (chlorine dioxide) cracks 
beyond the time required reaching antioxidant depletion [15].  
3.4 Crystallinity 
In terms of material structure, crystallinity (XC) is measured for the previously discussed environments. Two basic results 
are deduced: (i) inner side crystallinity is always higher compared to outer surface and (ii) exposure to DW and HCl 
reduced crystallinity up to 30% especially for hydrochloric acid. The measured crystallinity values are shown in Figure 5 
for all cases. These findings are confirmed from literature review which indicates that usually XC is evolving across the 
pipe wall from the outer to the inner surface [13]. Similar trend is also confirmed even when PE is exposed to aggressive 
environments which can lead to cracking [6]. 
 
FIG. 5 – Crystallinity (Xc) of inner and outer pipe surfaces. 
4 Conclusions 
We can conclude that a clear difference is observed between outer and inner pipe wall surfaces in terms of roughness and 
hardness. Usually, the outer surface is rougher and harder compared to the inner one probably because of extrusion 
processing and resulting temperature gradients. Exposure to aggressive environments contributed to increase roughness 
and to lower hardness on both sides while keeping the tendency in the same direction. Among the studied environments, 
hydrochloric acid remains the most aggressive agent for HDPE pipes as Ra is increased by 56% and HS is reduced by up 
to 41% compared to the initial state. For varying hydrochloric acid concentration, Ra on both sides is found to follow a 
second order polynomial with a good determination coefficient. Finally, crystallinity is found to be lower on the outer 
layers and the trend is preserved after exposure to aggressive environments which is also confirmed from literature. This 
information is important for surface preparation when assembling HDPE pipes by electrofusion.   
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